One of the most common bacterially mediated diarrheal infections is caused by enterotoxigenic Escherichia coli (ETEC) strains. ETEC-derived plasmids are responsible for the distribution of the genes encoding the main toxins, namely, the heat-labile and heat-stable enterotoxins. The origins and transfer modes (intra-or interplasmid) of the toxin-encoding genes have not been characterized in detail. In this study, we investigated the DNA regions located near the heat-labile enterotoxin-encoding genes (eltAB) of several clinical isolates. It was found that the eltAB region is flanked by conserved 236-and 280-bp regions, followed by highly variable DNA sequences which consist mainly of partial insertion sequence (IS) elements. Furthermore, we demonstrated that rearrangements of the eltAB region of one particular isolate, which harbors an IS91R sequence next to eltAB, could be produced by a recA-independent but IS91 sequence-dependent mechanism. Possible mechanisms of dissemination of IS element-associated enterotoxin-encoding genes are discussed.
Enterotoxigenic Escherichia coli (ETEC) infections are the major cause of bacterium-associated diarrheal diseases in developing countries (5, 15) and among travelers (4, 37) . They are the subject of development of novel vaccines (19, 45) . The main virulence determinants of ETEC strains are heat-labile enterotoxin (LT) and heat-stable enterotoxin (ST) (2, 40) and specific colonization factors (CFs) (13) . ETEC strains colonize the small intestine and encode more than 20 different CFs (13) . Indeed, combinations of CFs together with either ST or ST and LT in ETEC strains are the main risk factors for acquisition of acute ETEC-associated diarrheal diseases (14, 26) .
About one-third of the clinically relevant ETEC strains express both LT and ST, whereas the remaining two-thirds express either LT or ST (13) . LT and ST can be encoded together or separately on large, variable plasmids called Ent plasmids (42) , along with CFs, antibiotic resistance markers, and conjugation systems (11, 41) .
Genes encoding LT (8) and cholera toxin (27) presumably have a common ancestor, since considerable amino acid and DNA sequence homologies are apparent (8) . It has also been proposed that the LT genes are foreign genes which were acquired by horizontal gene transfer to form an enteropathogen (33, 50) . The activities and structures of LT and cholera toxin are nearly identical. Both toxins consist of two subunits, the catalytically active subunit A and the receptor domain subunit B. The toxic activity of LT is caused by the catalytic activity of subunit A, which is able to catalyze the ADP-ribosylation of protein Gs␣ in eukaryotic cells. This in turn constitutively induces adenylate cyclase to produce elevated intracellular cyclic AMP concentrations (12) .
LT-encoding ETEC strains can be isolated from humans (LTh or LT-I) and animals (porcine LT [LTp] or LT-II) (2, 40) . Although the overall similarity is high, some distinct differences at the DNA sequence level were observed (21, 47) . The authors concluded that there might be little or no plasmid transfer between the two host systems. Instead, the coencoded colonization factors are probably responsible for this tropism, since they are host specific, allowing the colonization of either the porcine or the human small intestine (13) .
Regarding the mechanism of dissemination of LT-encoding genes, a particular Ent plasmid carrying two copies of elt genes was characterized (33) . This plasmid contains elt genes of different origins which are flanked by partial IS600 elements and a nearby complete IS3411 sequence. In subsequent analyses it was shown that transposition activity did not result in a movement of the elt genes. Instead, the authors suggested the participation of a putative former IS600-based composite transposon to be responsible for LT transmission. They further showed that the isolated Ent plasmid contained two origins of replication, suggesting that this particular plasmid represents a cointegrate form of two former Ent plasmids.
The recent discovery of cholera toxin genes encoded by the filamentous phage CTXл (48) and the work of Murphy and Dallas (33) prompted us to review the mobility of ETECderived Ent plasmids, with particular focus on the identification of dissemination routes. The flanking DNA regions of eight different Ent plasmids of clinical ETEC isolates were analyzed. The results show that the encoding elt genes are embedded within two highly conserved regions of 236 and 280 bp. These conserved regions are then followed by partial insertion sequence (IS) types of about five different IS elements. In particular, we investigated the dissemination processes of a Ent plasmid carrying a partial IS91R-associated elt gene cluster.
MATERIALS AND METHODS
Bacterial strains, plasmids, and media. The bacterial strains and plasmids used in this study are listed in Table 1 . E. coli strains were grown on Luria broth medium at 37°C under aerobic conditions. Plasmids pACYC184 (36) and pCVD442 (9) were used as control and recipient plasmids, respectively, for the construction of pJBS620. In the growth medium the following antibiotics were used: ampicillin, 100 g/ml; chloramphenicol, 30 g/ml; kanamycin, 50 g/ml; streptomycin, 100 g/ml; and tetracycline, 12.5 g/ml.
Genetic methods. Plasmid DNA preparations were carried out according to the Qiagen kit protocol. Cloning and restriction analysis were done by procedures described by Maniatis et al. (24) .
PCR amplification of the IS91R eltAB-and eltAB-carrying DNA fragment was performed with the Elongase kit protocol (Gibco BRL-Life Technologies) and thermal DNA cycler protocol (MWG-Biotech GmbH, Ebersberg, Germany), based on the method of Mullis and Faloona (32) . The specific oligomers (MWGBiotech GmbH) used for PCR are listed in Table 2 . Southern blot analysis was performed as described by the manufacturer (Amersham Life Science) and according to the method of Southern (44) . DNA was cut with appropriate restriction enzymes and separated on an 0.7% agarose gel. DNA was then transferred onto a nylon membrane (Amersham Life Science). By using specifically labeled LT or IS91 probe DNA, detection of hybridizing fragments was done by the ECL protocol (Amersham Life Science).
DNA sequencing. DNA sequences were determined by the dideoxy nucleotide chain termination method of Sanger et al. (38) . The sequence reactions were performed with the PCR cycling reaction (Amersham Life Science). The sequencing and detection were done with an infrared dye-labeled primer (IRD41) and monitored by the automatic sequencing method of the LiCor system (MWGBiotech GmbH). The sequencing primers used are listed in Table 2 .
Construction of pJBS620. The suicide plasmid pCVD442 (9) served as a recipient plasmid for cloning of the IS91R eltAB fragment from an Ent plasmid of human ETEC isolate S6. The primers S6LSalI and S6RSphI (Table 2) were used to amplify by PCR a 1.9-kb fragment comprising the 391 bp of the IS91 right end together with the complete eltAB sequences. This IS91R eltAB fragment with engineered SalI and SphI restriction sites at the fragment ends was digested with SalI and SphI and then ligated into the SalI/SphI-opened pCVD442 plasmid, resulting in pJBS620.
Generation of E. coli MC4100 pir recA::Kan. E. coli MC4100 pir recA::Kan was constructed via P1 transduction (30) . P1 infection of strain MC4100 recA::Kan resulted in a P1 phage lysate, which was used for transduction of E. coli MC4100 pir. Transductants were selected for kanamycin resistance and tested for UV sensitivity, as described by Maniatis et al. (24) , by using the Stratalinker UV-crosslinker 1800 (Stratagene, La Jolla, Calif.). The obtained transductants (MC4100 pir recA::Kan) were then used as the recipient strain for recombination experiments with pSU2600 and pJBS620. 
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Recombination assays and identification of joint plasmids. Strains MC4100 pir recA::Kan and MC4100 pir were first transformed with pJBS620, isolated, purified, and subsequently transformed with pSU2600. Double transformants were then plated onto Luria broth agar supplemented with antibiotics chloramphenicol and ampicillin, and 100 colonies each were purified under the same selecting conditions. After growth these cells were pooled and plasmid DNA was prepared. Subsequently, the plasmid DNA was retransformed into MC4100 recA::Kan and transformants were selected for Cm r and Ap r . Fifty isolates each, originally derived from a recA ϩ strain and a recA mutant strain, were further subjected to PCR analysis. The plasmid-specific oligonucleotides ETB2 (pJBS620) and Cat5Ј or Cat3Ј (pSU2600) ( Table 2 ) were used to screen for cointegrate formation.
Nucleotide sequence accession numbers. DNA sequences have been deposited in GenBank: the accession numbers for the A region are AF190920 to AF190927, and those for the B region are AF190912 to AF190919, respectively.
RESULTS

Plasmid isolation and Ent plasmid identification.
Plasmids derived from different clinical ETEC strains were investigated for plasmid parameters such as antibiotic profile, restriction fragment pattern, and conjugational behavior (data not shown). Most importantly, all isolated plasmids were analyzed for the presence of the enterotoxin-encoding genes eltAB (LT genes). The genes were identified by PCR, utilizing specific oligonucleotides ETA1 and ETA2, according to the established PCR protocol of O'Meara et al. (34) . All isolated plasmids produced the specific 1.1-kb eltAB fragment of LT (data not shown). In addition, numerous strains contained more than one plasmid with different antibiotic resistance markers, such as those for ampicillin, kanamycin, chloramphenicol, tetracycline, and streptomycin. The locations of the eltAB genes on the isolated Ent plasmids were identified by Southern blot analysis (Fig. 1) , and plasmids were digested with HindIII and hybridized with a specific 1.1-kb eltAB fragment as labeled probe DNA. Since a HindIII restriction site is contained in eltA at bp 569, it was expected that two hybridizing fragments would appear. Indeed, eight of the isolated plasmid pools showed two hybridizing fragments, whereas isolate K1 showed an additional one, indicating two copies of the elt genes (Fig. 1) . The 800-bp HindIII fragments appeared in all isolates, whereas the larger HindIII fragments showed variation and were found to be represented at least in four distinct classes (a, b, c, and d).
Characterization of DNA adjacent to the elt gene. Eight isolates were further subjected to DNA analysis. In determining the DNA regions adjacent to eltAB, two conserved regions were identified; these were termed the A box, of 236 bp and located in the upstream region of eltA, and the B box, of 280 bp and located downstream of eltB. The two sequences were aligned as shown in Fig. 2 . The GC contents for the A-box, B-box, and LT genes were determined to be 36, 41, and 37%, respectively. A closer analysis revealed a significant formation of two stem-loop structures in the A and B boxes; the latter was also recognized by Dallas and Falkow (8) and was suggested to act as the presumed transcriptional termination site (Fig. 2) . Recently, Trachman and Maas (46) have described a temperature-regulated and H-NS-dependent synthesis of the eltA gene, along with indications of the location of the start site of mRNA synthesis. Interestingly, we found an adequately matching E. coli promoter, based on an algorithm of Mulligan et al. (31) , of about 70%, which is thought to be a very strong E. coli promoter, located right before the mRNA start site. Interestingly, exactly around the predicted Ϫ35 region a significant stem-loop structure is observed, which may indicate some regulatory function (Fig. 2) .
Further sequencing revealed that the extended distal and proximal sequences were different for all eight isolates. They consisted of either unknown DNA or partial or incomplete IS elements. In Fig. 3 , a scheme indicating the positions, lengths, and identifications of the DNA regions is shown. As also described by Murphy and Dallas (33), we found different partial sequences of IS600 (Shigella sonneii) (25) in four isolates and also cryptic IS2 (35), IS1162 (Pseudomonas fluorescens) (43), IS1294 (E. coli) (N. Tavakoli, et al., direct submission to GenBank), and 391 bp of the complete right end of IS91 (E. coli) (29) .
Rearrangements of IS91-based eltAB derivatives in a recAdependent assay. The complete 391 bp of IS91R, identified next to the A box in isolate S6, prompted us to investigate the ability of this nearby element to be mobilized along with the elt genes. Defined activities of the IS91 terminus were reported previously (28) , indicating that IS91R sequences can be activated by trans-active intact IS91 elements. To test the possibility of IS91-activated transposition, the S6 isolate harboring the IS91R eltAB-containing fragment was subcloned into the suicide plasmid pCVD442 (9), resulting in pJBS620 (see Materials and Methods) (Fig. 4) . By use of the recombination assay (Materials and Methods), cointegrated plasmids were subsequently isolated. Some cointegrate isolates were further analyzed by PCR and DNA sequencing. This procedure was directed to obtain specific joint fragments of cointegrate isolates by using pSU2600 and eltB-specific oligonucleotides (Fig. 4) . Two joint fragments of 3.2 kb (data not shown) generated from cointegrate plasmids from MC4100 pir recA::Kan (fragments 10 and 21 [ Fig. 5] ) and two from MC4100 pir (fragments 8 and 34 [ Fig. 5]) were then subjected to DNA sequencing. For sequencing, the oligonucleotide ETA2seq (Table 2 ; Fig. 4 ) was used. The four sequences obtained showed that recombination between the intact IS91 and the IS91R sequences has occurred within the homologous region of the 391 bp of IS91R, as indicated in Fig. 4 . Due to the cointegrate formation, all four IS91R eltAB isolates have received a reconstituted IS91R region attached to the intact target site of CAAG. By analyzing the cointegrate formation due to transposition activity, we searched for joint fragments outside the original IS91-carrying region of pSU2600. By using the oligonucleotides Cat5Ј and ETB2 and cointegrate plasmids, derived from a recA ϩ strain selected as Cm r Amp r cells, a joint fragment of about 2 kb was generated. After sequence analysis, using oligonucleotide ETA2seq, it was found that the IS91R eltAB was inserted at bp 4443 of pSU2600 at the target sequence GAAC (fragment 54 [Fig. 5]) .
Characterization of IS91 insertions among ETEC-derived plasmids. The 391 bp of IS91R identified next to the A box prompted us to look for further associations of IS91 sequences within ETEC-derived plasmids. Accordingly, whole IS91 element sequences and IS91 sequences truncated at the right end were used as labeled probe DNAs. Southern blot analysis, utilizing ETEC-derived plasmid DNAs of human and porcine isolates, indicated the presence of numerous copies of IS91 sequences in some isolates (data not shown). In addition, by searching the GenBank database for IS91-associated sequences, several sequence entries for E. coli virulence factors which were associated with yet-unrecognized partial sequences of the IS91 element on plasmids could be located. For example, IS91 sequences were located near cfaD (39), CS6 (49), CS3 (18) , and faeA (17) and also on an enterohemorrhagic E. colispecific virulence plasmid, pO157 (23) .
DISCUSSION
Mobile genetic and associated elements, like plasmids, bacteriophages, or IS elements, are ubiquitous in nature and are responsible for generating pathogenic novel variants by horizontal gene transfer and genetic rearrangements (1, 3, 16, 20, 22) . Although cholera is one of the most severe forms of bacterial diarrhea, ETEC-caused diarrhea seems to be the most frequent one (13) . ETEC-derived enterotoxin-and cholera toxin-encoding genes are closely related, and it was recently demonstrated that cholera toxin-encoding genes are harbored on the genome of a filamentous phage and are therefore horizontally transmissible to form toxigenic Vibrio cholerae strains (48) . Earlier, Yamamoto et al. (50) attempted to describe the evolutionary origins of LT and cholera toxin. Based on conserved regions of the DNA sequences, they proposed that the corresponding genes may have been separated in the late Jurassic period or the beginning of the Cretaceous period, about 120 ϫ 10 6 years ago. It is tempting to speculate that specific transmission or dissemination modes have served to facilitate the species-specific pathogenic development and evolution of V. cholerae and ETEC. Dallas and coworkers also described the origin of the eltAB genes (8). They indicated some discrimination between different animal sources (21, 47) and further described gene duplication or a merodiploid state of eltAB-harboring plasmids (33) .
Our initial aim was to investigate, whether filamentous replicative-form plasmids are associated with eltAB genes, similar to the case for cholera toxin and phage CTXл (48) . Although some of the ETEC isolates investigated in this study harbored temperate bacteriophages, none of the isolates had the capacity to transduce the elt genes via phage routes (unpublished results).
Next, the heterogeneities of the proximal and distal DNA regions of the elt genes were analyzed. It was found that the eltAB genes are flanked by highly conserved short DNA sequences of 236 and 280 bp, termed the A and B boxes, respectively. The GC contents of these boxes approximately matched that obtained for the eltAB region. The average GC content of the A box-eltAB-B box region (38%) was significantly different from that of E. coli (51%), indicating that the A and B boxes along with the coding regions were not acquired from E. coli and remained stably attached with the eltAB genes. The A and B boxes are followed by highly variable sequences, mostly containing partial IS elements. No particular features other than inverted repeats were identified within the A and B boxes, suggesting that they may contain the proper promoter (46) and termination (8) structures, as indicated earlier.
In an earlier analysis, partial sequences of element IS600 were located right next to the elt genes, carried on an Ent plasmid which contained two copies of the eltAB genes (33) . In our studies we found some more partial IS elements next to the A and B boxes. Besides IS600 we found sequences belonging to IS91, IS1162, IS2, and IS1294. The arguments for the putative role of such IS elements in dissemination were essentially described by Murphy and Dallas (33) . Our goal was to extend these results by attempting to exemplify the dissemination processes by using isolate S6, which contains an IS91R element of 391 bp directly linked with the A box. As reported earlier (28) , the right end of IS91 represents the initiator of transposition via a suggested replicative sequential transposition mechanism of the so-called one-ended transposition. IS91R sequences are then mobilized by a trans-acting IS91 transposase (28) . A prerequisite of transposition activation of IS91 is the target site specificity of IS91 at the insertion site (CAAG/GAAC), which was found to be necessary for tnp activity (28) . We analyzed the features of mobility of the putative genetic element IS91R eltAB of isolate S6. Sequence analysis of the IS91R target site on the S6 isolate revealed no CAAG specificity but an intact terminal repeat sequence. Considering the lack of the intact target site, we assumed that this element is probably not a substrate for trans activation of transposition. However, we found that indeed rearrangements were produced in the upstream region of the eltAB genes in a recA-independent recombination via IS91 sequences. As a result, the intact target sequence of the eltAB-associated IS91R element was restored. Additionally, we could identify a transposed IS91R eltAB insertion on pSU2600 at a location different from that of the original IS91 insertion. This indicates a combination of (i) recombination activity to generate an intact target site via homologous recombination between the wild-type IS91 and IS91R eltAB and (ii) a subsequent transposition event which had moved that IS91R eltAB to a new destination with target site specificity of GAAC.
Based on the results of the IS91 analysis, we propose that recA-dependent as well as -independent recombination and subsequent transposition events might be the genetic driving force for selecting new variants of Ent plasmids associated with antibiotic resistance markers and CFs. Our data indicate that IS elements, such as IS91, are involved in the rearrangement processes of the eltAB genes, warranting the variation of cointegrate formation of new plasmids with new characteristics of host range, conjugation, and antibiotic resistance systems. Interestingly, we found that IS91 elements are widely distributed among the investigated ETEC strains, as we were also able to subclone intact and active IS91 elements from such Ent plasmids (data not shown). We propose that the formation of a particular IS91R eltAB isolate is evolutionarily ancient, since 14-bp exchanges have accumulated in the 391-bp region of the IS91R sequence. How the particular IS91R sequence had been moved so close to the A box remains unknown, but it might indicate a former composite transposon consisting of IS91 elements and eltAB genes, similar to the case for hly operon on pHly152 (51). 
